Abstract MDS are myeloid clonal hematologic disorders that are most commonly diagnosed in the seventh decade of life. Several treatment options are currently available. However, allo HSCT remains the only curative therapy. Unfortunately, despite the higher incidence of MDS in the older population, less than 10 % of patients undergoing allo HSCT for MDS are > 65 years old. In this paper we discuss the various treatment options in older patients with high-risk MDS with particular emphasis on the role of allo HSCT in older MDS patients.
Introduction
MDS are a group of clonal hematologic disorders diagnosed most often in older white males and characterized by progressive cytopenias with risk of leukemic transformation [1] . Estimates of MDS incidence from population-based cancer registries suggest there are 10,000 new cases of MDS in the US each year, with approximately 70 % of these diagnosed in persons age 70 years or older [2] . However, accurate registrybased estimates of MDS incidence are difficult to obtain due to under-appreciation of MDS as a possible cause of unexplained anemia in older patients [3] , and incomplete reporting of cases that are managed outside the tertiary care environment or that rapidly transform into frank leukemias [4] . Despite difficulty estimating the true incidence of MDS [4, 5] , it is expected that MDS is likely to become more common as life expectancies increase [6] . Therefore, there is an increasing emphasis on developing MDS therapies [1] .
Risk of all-cause mortality as well as progression to acute myelogenous leukemia (AML) is most commonly assigned by applying the International Prognostic Scoring System (IPSS), which takes into account the bone marrow blasts percent, the number of peripheral blood cytopenias, and karyotype findings [7] . The IPSS separates patients into four different prognostic groups: Low, intermediate-1, intermediate-2 and high-risk. Median survival for these groups is 5.7, 3.5, 1.2 and 0.4 years, respectively [7] . Recently the IPSS was revised to incorporate a newer cytogenetic classification, depth of cytopenias and a new bone marrow blast percentage classification [8•] .
At present, there are a wide range of therapeutic approaches for MDS, which are selected based on the patient's risk stratification at diagnosis [7] [8] [9] [10] [11] [12] [13] [14] . However, to date, only one potentially curative therapy exists: allo HSCT. Despite its curative potential, the perceived risks associated with allo HSCT limit its availability to the majority of the patient population, who are older patients with a high likelihood of presenting with comorbidities [15] . In a recent query of transplant activity reported to the Center for International Blood & Marrow Transplant Research (CIBMTR), for patients with MDS, only 232 (7.5 %) out of a total of 3,101 allo HSCTs performed in the US between 2000 and 2010 were among patients 65 years and older (unpublished data; W.S., personal communication). Furthermore, current treatment guidelines recommend proceeding immediately to allo HSCT, but only for persons with high-risk disease, who are felt to be good candidates for allo HSCT (based on age and performance status among other factors), and for whom a suitable donor is available [16] .
However, a changing perception of the importance of age in referral for allo HSCT [17•, 18•, 19] , revisions in the approach to allo HSCT [e.g. introducing reduced intensity conditioning regimens (RIC)] [20] [21] [22] [23] , increased coverage for the procedure by Medicare [24] , and newly launched research into the efficacy of allo HSCT in older patients [19, 25] has the potential to expand the availability of this potentially curative therapy to more patients in the future.
Here we review emerging tools to quantify the impact of age and comorbidity on non-transplant as well as allo HSCT outcomes. We then discuss contemporary non-transplant treatment options for older MDS patients, and finally we focus on the emerging role of allo HSCT among this patient population.
The Impact of Age and Aging on Clinical Outcomes
Two recent retrospective studies addressed whether age is an important predictor of outcome among patients with MDS who are referred for allo HSCT [17, 18] 60-64 (n=126) , and ≥ 65 years (n=55)], and in multivariate analysis 2-year survival was not significantly different among the four age groups (p=0.74) [18] . Furthermore, a recent interim analysis of an ongoing prospective observational study of outcomes after allo HSCT showed no difference in 100-day mortality among patients aged 55-65 compared to those > 65 years old supporting the safety of this procedure among older MDS patients [19] . However, it is important to note that these studies were conducted among patients who were referred and subsequently underwent allo HSCT, a highly select group of patients. Therefore, whether these results can be extended to all MDS patients (at the time of their initial diagnosis and not referral) is currently unknown.
The specific factors of aging that determine prognosis and tolerance to treatment are not well defined. The process of aging is heterogeneous. It involves physiologic changes as well as changes in physical, functional, social, psychiatric and cognitive domains. The Comprehensive Geriatric Assessment (CGA), a tool developed by geriatricians to help identify areas of vulnerability in these domains, can be used to "stage the age" of older patients [26] . Specifically, in older oncology patients, it can be used to identify those who appear healthy but may be susceptible to severe complications in response to aggressive treatments [27] . The CGA is often used to stratify patients into three categories: fit, vulnerable and frail. In evaluation of older patients with multiple different types of cancer, the CGA has been found to affect treatment decisions [28] , as well as predict chemotherapy toxicities [29] , early death [30] and overall survival [31] .
While less is known about the use of the CGA in MDS, we do know that comorbidity, one of the standard domains of the CGA, plays an important role in determining outcomes of older patients with MDS. In a retrospective study of 600 MDS patients with a median age of 65 years who mostly received non-transplant therapies (only 8.5 % underwent allo HSCT), comorbidity was measured using the Adult Comorbidity Evaluation-27 (ACE-27) [32] . Using this measure, patients were stratified into four comorbidity groups: none, mild, moderate and severe. Dramatic differences in median survival were observed between these groups. According to ACE-27 categories, median survival was 31.8, 16.8, 15.2 and 9.7 months for those with none, mild, moderate and severe comorbidities, respectively (p<0.001). Patients with severe comorbidity had a 50 % decrease in survival, independent of age and IPSS risk group.
CGA was also evaluated in a prospective cohort study of 195 patients age ≥ 60 years (median 71 years) with MDS or acute myelogenous leukemia (AML) [33] . Patients were grouped according to treatment intensity: best supportive care, hypomethylating agents, or intensive chemotherapy/ hematopoietic cell transplantation. Abnormal activities of daily living (ADL) and increased fatigue were highly predictive of overall survival across all of the patient groups [33] . Another prospective pilot study of the CGA in 166 older allo HSCT recipients (median age 58 years, 57 % AML/MDS) was also recently reported [34] . This study demonstrated that the CGA could uncover significant disability that is not identified by traditional oncologic measures. Applying the CGA to those with Zubrod Performance Status of 0, 28 % reported disability, 58 % were pre-frail, 15 % were frail, 35 % reported low physical function and 55 % reported low mental function [34] .
Thus, the CGA has the potential to be quite useful in guiding treatment decisions in older patients with MDS, and further study of this important tool is warranted.
Non-Transplant Based Therapies
In the last decade, the Food and Drug Administration approved three new drugs for therapy of MDS: azacitidine (5-azacytidine), decitabine (5-aza-2′-deoxycytidine) and lenalidomide. Both azacitidine and decitabine are hypomethylating agents (HMA) while lenalidomide is a thalidomide analogue [35] . Both HMAs were developed as nucleoside analogs and were synthesized in the early 1960s.
Azacitidine has been evaluated in multiple phase II trials, and two phase III trials (Table 1 ). In the first randomized phase III trial by Silverman et al., 191 patients were randomized to azacitidine 75 mg/m 2 daily for 7 days SQ vs. best supportive care (BSC) in a cross-over design [36] . The median age of the patients was 68 years, with 37 % of patients having either intermediate-2 or high-risk disease by the IPSS. The overall response rate was 60 % vs. 5 % in the azacitidine arm vs. BSC. Because of the cross-over design, there was no difference in the overall survival; however, the time to AML transformation or death was significantly longer in the azacitidine arm vs. BSC (21 months vs. 13 months, p=0.007). In addition, patients receiving azacitidine had significant improvement in fatigue, physical functioning, dyspnea, and psychosocial distress when compared to those receiving BSC only. Based on that study, the FDA approved azacitidine for the treatment of patients with all subtypes of MDS in 2004.
Another study performed in Europe randomized patients with intermediate-2/high-risk MDS to azacitidine 75 mg/m 2 daily for 7 days SQ or standard of care regimens [37•] . The standard of care regimens included SQ cytarabine, BSC only or induction chemotherapy. Prior to randomization, the treating physician had to decide on the treatment comparator. A total of 358 patients were randomized and 340 were treated with 175 on the azacitidine arm and 165 on the conventional care regimens (CCR). The median age was 69 years, and 72 % of the patients were ≥65 years old. With a median follow up of 21 months, the overall survival was 24 months vs. 15 months in the azacitidine arm vs. CCR (p<0.001). The median time to AML transformation was also significantly prolonged on the azacitidine arm compared to CCR (18 months vs. 11 months, p <0.001). In a further analysis of patients treated with azacitidine treated on the previously mentioned study, patients were categorized into three risk groups (low, intermediate and high) based on performance status, cytogenetic findings, presence of circulating blasts and red blood cell transfusion dependency [38] . After a median follow up of 41.3 months, the median survival of the low, intermediate and high-risk group was 32.1, 15.0 and 6.1 months, respectively. Thirty-four of the 282 patients were still alive at 3 years, but only six patients were still on azacitidine [39] .
Decitabine, the other FDA approved drug, was also evaluated in multiple phase II trials and in two phase III trials (Table 1 ). The first reported phase III trial randomized patients with MDS to decitabine 15 mg/m 2 administered three times daily for 3 days or BSC [40] . In that study, a total of 170 patients were enrolled. The median age was 70 years old, and approximately 70 % had intermediate-2/high-risk MDS by IPSS. The overall improvement rates were 30 % and 7 % in the decitabine and BSC groups, respectively. The median time to AML transformation or death in the decitabine arm vs. the BSC was 12 vs. 8 months, respectively (p=0.16). The median overall survival for responders vs. non-responders was 23 vs. 13 months respectively.
More recently, the same decitabine schedule was compared in patients with intermediate/high-risk MDS by IPSS above the age of 60 years. Patients were randomized to decitabine 15 mg/m 2 given three times daily for 3 days in 6 week cycles vs. BSC [41] . The median age of the 233 patients enrolled in the study was 70 years. The median overall survival was 10 vs. 8 months (p=0.38). However, decitabine treatment was associated with improvement in quality of life. Several other schedules of decitabine have been evaluated in patients with MDS and have shown higher response rates when compared to the schedule used in the two previously mentioned phase II trials. In a large multicenter phase II trial, decitabine 20 mg/m 2 over 5 days intravenously every 4 weeks was administered to 99 patients with MDS. The median age was 72 years old. The overall improvement rate was 51 % [17 % complete remission (CR), 15 % marrow CR and 18 % hematologic improvement (HI)]. The 1-year survival rate was 66 % with a median survival of 19.4 months. Of the 66 patients who were transfusion dependent, 33 % became transfusion independent [42] . Lenalidomide is currently FDA approved for the therapy of patients with MDS 5q-syndrome. In a multi-institutional phase II trial, lenalidomide 10 mg orally daily was administered to patients with MDS 5q-syndrome. Of the 146 patients enrolled, 112 had an erythroid response and 99 (67 %) became transfusion independent [43] . The median duration of transfusion independence was 2 years. Treatment was well tolerated with grade 3/4 neutropenia and thrombocytopenia occurring in 54.7 % and 43.9 %, respectively. Lenalidomide has activity in patients with low-risk MDS without 5q-, albeit response rates are lower. In a phase II trial lenalidomide 10 mg daily was administered to 214 patients with non 5q-low-risk MDS [44] . The median age was 72 years and 20 % of patients had a platelet count <100×10 9 /L. Of the patients on the study, 43 % responded and 26 % became transfusion independent. The median duration of transfusion independence was 41 weeks. Lenalidomide was also evaluated in patients with intermediate-2 and high-risk MDS. In that study lenaliodmide 10 mg daily for 21 days every 28 days was administered to 47 evaluable patients. The median age was 69 years and 40 % had high-risk MDS. The overall response rate, CR rate, marrow CR and HI was 26 %, 15 %, 4 % and 8 %, respectively. With a median follow up of 330 days, the median overall survival was 272 days [45] .
An area of active investigation is identifying molecular biomarkers that can guide therapy. Itzykson et al. have shown that TET2 mutations were independent predictors of response to azacitidine therapy [46] . Similarly, Blum et al. have shown that higher levels of miR-29b were associated with response to decitabine therapy [47] . By identifying predictors of response, risk-adapted personalized therapy can be provided, further enhancing the benefits already observed with these novel drugs.
The Role of Allo HSCT Compared to Non-Transplant Therapies
Despite the progression-free survival [41] and overall survival advantages [36, 37] these drugs offer compared to supportive care only, allo HSCT remains the only curative therapy available. With the advent of reduced intensity conditioning regimens (RIC), allo HSCT can now be offered to older and less firm patients with a wide variety of hematologic malignancies, including MDS [20] . A number of observational studies and phase II trials of RIC allo HSCT for MDS patients have demonstrated the curative potential of this approach [17] [18] [19] [21] [22] [23] .
Two recent retrospective analyses were conducted to define the optimal role of allo HSCT for older MDS patients [14, 48] . The first study, a cohort analysis of outcomes after allo HSCT vs. HMA among patients with high-risk [defined as refractory anemia with excess blasts (RAEB), refractory anemia with excess blasts in transformation (RAEB-T), chronic myelomonocytic leukemia (CMML) according to the FAB classification system [49] , or as int-2/high-risk by the IPSS system [7] ] de novo MDS, aged 60-70 years, who had an ECOG score <3. Seventy-five patients who only received HMA were compared to 103 patients who proceeded to allo HSCT (59 % received a RIC and 41 % received a high intensity conditioning regimen). Patients in the HMA cohort were diagnosed between 2004 and 2009, while patients in the allo HSCT cohort underwent the transplant procedure between 1995 and 2008. The allo HSCT cohort mostly received peripheral blood stem cells (n=94). Sixty-one percent received a graft from an unrelated donor and the rest were related. Single allele human leukocyte antigen (HLA) mismatched donors were used in 24 % of patients, and the rest were HLA-matched. Patients in the HMA cohort received a median of six cycles of HMA. In a multivariate Cox regression analysis, there was no difference in survival between the two groups during the first year after initiation of treatment [allo HSCT vs. HMA relative risk (RR) 1.3; 95 % CI 0.8-2.3]; however, beyond the first year after the initiation of therapy, there was a significant improvement in survival among the allo HSCT cohort compared to the HMA cohort (RR 0.3; 95 % CI 0.1-0.7) [48] .
The second study, a Markov model decision analysis of outcomes among de novo MDS patients (n=514), aged 60-70 years, compared quality-adjusted life expectancy after RIC allo HSCT from an HLA-matched donor vs. non-transplant therapeutic approaches [14] . The results indicated that among patients with low risk MDS [defined as low-risk/int-1 IPSS [7] ] that non-transplant therapeutic approaches were associated with higher Quality-Adjusted Life Expectancy (QALE) than RIC allo HSCT. However, among patients with highrisk MDS [int-2/high-risk IPSS [7] ], RIC allo HSCT was associated with superior QALE than non-transplant approaches (HMA). The authors conducted multiple sensitivity analyses among patients with low-risk disease, by comparing: RIC allo HSCT to patients receiving best supportive care only, RIC allo HSCT to patients receiving erythropoiesisstimulating agents, RIC allo HSCT performed within 12 months from MDS diagnosis to all non-transplant therapies. None of these sensitivity analyses changed the results. Similarly, among high-risk MDS patients, the authors conducted a sensitivity analysis comparing RIC allo HSCT performed within 12 months of MDS diagnosis to non-transplant therapies (HMA), and the results remained consistent [14] .
The Future of Allo HSCT in Older MDS Patients
Among patients who are referred for transplant evaluation, and for whom a HLA matched donor has been identified, widely held beliefs among patients and physicians regarding the value of allo HSCT in this setting renders the conduct of a true randomized clinical trial (i.e. randomize patients with HLA matched donors to allo HSCT vs. non transplant) not practical. And indeed, this was demonstrated previously [50, 51] . Biologic assignment trials have been used successfully to evaluate the role of allo HSCT [52] [53] [54] [55] . However, the biggest threat to the internal validity of such design is enrollment bias. A detailed discussion of enrollment bias can be found elsewhere [56] .
Given the lack of prospective data comparing allo HSCT to HMA, a phase II biologic assignment trial of 254 patients aged 55-70 years has been launched in Europe [25] . This trial will enroll patients with either de novo high risk MDS [int-2/ high-risk IPSS [7] ], therapy-related MDS or CMML. All patients will initially receive four cycles of azacitidine therapy, then patients will be assigned to the transplant arm if a suitable HLA-matched donor is found [either an HLA-matched related donor or a 10/10 (HLA-A, -B, -C, -DRB1, -DQ)-matched unrelated donor]. Those who do not have such a donor will remain on azacitidine therapy until progression or the occurrence of unacceptable toxicity. The primary outcome is overall survival at 3 years (Fig. 1) .
In the US, the Blood and Marrow Transplant Clinical Trials Network (BMT CTN) recently introduced protocol 1102, a prospective comparative biologic assignment cohort analysis of outcomes after RIC allo HSCT from suitable related and unrelated donors vs. non-transplant therapies (W.S., personal . This protocol, which is expected to open enrollment in the last quarter of 2013, will determine whether RIC allo HSCT improves survival compared to non-transplant therapies, among patients with de novo high risk MDS [int-2/ high-risk IPSS [7] ], aged 50-75 years, and who are felt to be transplant eligible.
In BMT CTN 1102, a biological assignment trial, patients with de novo high-risk MDS aged 50-75 years who have a suitable HLA-matched donor will be assigned to the allo HSCT arm, while patients who do not have such a donor will be assigned to the non-transplantation arm (Fig. 2) . Given the published [45] and unpublished data (Table 2) regarding inferior outcomes with donors other than HLA-identical sibling and 8/8 (HLA-A, -B, -C, -DRB1) well-matched unrelated donors, the BMT CTN 1102 study team restricted the donors to either an HLA-matched related donor or an 8/8 HLA wellmatched unrelated donor. Patients will be analyzed in their respective arms whether or not they received the assigned treatment according to intention-to-treat principle (i.e. if a patient with a suitable donor identified in the 90-day window ultimately does not proceed to RIC allo HSCT, they will still be analyzed in the RIC allo HSCT arm). Outcomes include 3-year survival, 3-year leukemia-free survival, and quality of life. The study is designed to have at least 80 % statistical power to detect an absolute difference of 15 % in survival at 3 years post enrollment. A parallel cost-effectiveness analysis will also be conducted to determine the incremental costeffectiveness ratio of RIC allo HSCT to non-transplant therapies (Table 1) .
Conclusion
In conclusion, the decision to refer older patients with highrisk MDS for transplant evaluation should not be influenced by age alone [17, 18] . Tools such as the CGA hold the promise of more accurately assessing HSCT eligibility [33, 34] . Among patients with high-risk MDS with suitable donors, retrospective data suggest that a strategy of proceeding immediately to RIC allo HSCT is associated with an increase in QALE [14] . However, randomized studies comparing allo HSCT to non-transplant approaches are only now being undertaken. Two biologic assignment trials, one in Europe [25] and one in the US (BMT CTN 1102), will address this knowledge gap. Together, these studies have the potential to change practice. If survival advantage can be demonstrated with allo HSCT, the number of patients with MDS that will be referred for transplant evaluation will increase greatly, which will facilitate the conduct of larger clinical trials that will help further define patient characteristics [57, 58] , disease characteristics [59] [60] [61] , and transplant-related factors that should be considered during therapeutic decision making [62] [63] [64] . Collectively, these efforts should enhance the delivery of riskadapted therapies, leading to improved outcomes post allo HSCT. 
